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Experiments were conducted on two commercial alloys, a Cu–0.1%Zr alloy and an Al-7075
aluminum  alloy, to investigate the signiﬁcance of the saturation microstructure which is
achieved after processing by high-pressure torsion (HPT). Samples were  processed by HPT
and  also by a combination of equal-channel angular pressing (ECAP) followed by HPT. The
results show that the saturation conditions are dependent upon the grain size in the material
immediately prior to the HPT processing. Additional grain reﬁnement may be achieved in
HPT by initially processing the material to produce an ultraﬁne-grain size before conducting
the  processing by HPT.ardness
igh-pressure torsion
ltraﬁne  grains
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uce  metals having very small grain sizes. This is because
f  the grain size is small the metal is generally fairly strong
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Este é ubecause the yield stress at low temperatures varies with the
reciprocal  of the square root of the grain size through the
Hall–Petch  relationship [1,2]. Furthermore, at elevated tem- of the Pan American Materials Conference, São Paulo, Brazil, July
peratures  small grain sizes provide a potential for achieving
a  superplastic forming capability [3]. The interest in attaining
very  small grain sizes led to the development of extensive
tion. Published by Elsevier Editora Ltda. 
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thermo-mechanical processing operations, which were  gen-
erally  effective in producing grain sizes as small as ∼3–5 m.
Nevertheless, this type of processing was  not effective in
fabricating  metals having grain sizes in the submicrometer
range and more  recently attention has focused instead on the
processing  of metals through the application of severe plastic
deformation (SPD), where it is possible to achieve grain reﬁne-
ment  to the submicrometer and even the nanometer range
[4].
Ultraﬁne-grained materials (UFG) are deﬁned as polycrys-
tals  having average grain sizes less than 1 m [5]. Thus, UFG
structures  include both the submicrometer (100 nm to 1 m)
and  the nanometer (<100 nm)  ranges. These materials may
be  produced using SPD techniques [6] and accordingly they
have  attracted much  attention over the last two decades. Sev-
eral  different SPD processing methods are now available but
the  two techniques receiving the most attention are equal-
channel  angular pressing (ECAP) [7] and high-pressure torsion
(HPT)  [8]. In ECAP the sample is in the form of a rod or bar
and  it is pressed through a die constrained within a channel
that  is bent internally through an abrupt angle. In HPT the
sample  is generally in the form of a thin disk which is held
between  massive anvils and then subjected to an applied pres-
sure  and concurrent torsional straining. Experiments show
that  processing by HPT produces both smaller grain sizes and
a  higher fraction of grain boundaries having high-angles of
misorientation than when processing using ECAP [9–11].
The  higher strength introduced by SPD processing is
demonstrated most effectively by taking individual readings
of  the Vickers microhardness, Hv, at selected positions on the
polished  surfaces of samples processed by either ECAP or HPT.
There  are now numerous reports describing these measure-
ments  recorded on the cross-sectional planes [12–14] and the
longitudinal  planes [14–16] of ECAP samples and on the sur-
faces  of disks processed by HPT [17–19]. There is a signiﬁcant
problem in using this approach to evaluate homogeneity in
HPT  because the strain varies across the disk. Speciﬁcally, the
equivalent  von Mises strain, εeq, is given by a relationship of
the  form [20,21]
εeq = 2Nr
h
√
3
(1)
where N is the number of revolutions in HPT processing and
r  and h are the radius and height (or thickness) of the disk,
respectively. It follows from Eq. (1) that εeq is a maximum at
the  edge of the disk and decreases to zero at the center of
the  disk where r = 0. There are numerous experiments [10,18]
showing  a gradual evolution during HPT processing so that
the  microhardness values become essentially constant over
the  disk surfaces after a reasonably large number of revolu-
tions.  Furthermore, this evolution is also consistent with a
theoretical  model for hardness evolution in HPT [22].
Nevertheless, questions remain concerning the limits of
grain  reﬁnement that may  be attained through processing by
ECAP or HPT [23,24] and at present these questions remain
unresolved. Accordingly, this paper examines whether there
is  a true limitation on the reﬁning of grains when processing
by  HPT and experiments are described which are designed to. 2 0 1 4;3(4):319–326
provide a critical examination of the possible occurrence of a
true reﬁning limit.
2.  Experimental  materials  and  procedures
The experiments were conducted by processing in HPT using
two  different face-centered cubic materials. First, tests were
conducted  on a commercial Cu-151 alloy with a composi-
tion  of Cu–0.1 wt% Zr. This alloy was  obtained from Olin
Brass  (East Alton, OH) as a rolled strip having dimensions
of 760 × 500 mm2 and a thickness of 1.5 mm.  Disks were
machined from the strip with diameters of 10 mm and these
disks  were  then polished to thicknesses of ∼0.83 mm.  In
the  initial unprocessed condition, the measured grain size
was  ∼20 m.  Earlier reports described the SPD processing of
this  Cu–Zr alloy [11,14,25–28]. Second, experiments were  con-
ducted  on a commercial Al-7075 alloy containing (in wt.%)
5.6%  Zn, 2.5% Mg, 1.6% Cu with the balance as Al. This alloy
was  received in the form of extruded rods with diameters of
10.0  mm and these rods were  annealed in air for 1 h at 753 K
and  then cooled in air to room temperature over a period of
∼5  min. In the annealed and unprocessed condition, the grains
were  elongated with lengths up to ∼450 m and widths of
∼8  m.  This alloy was  processed by HPT and also by ECAP and
a  combination of ECAP and HPT. Earlier reports described the
processing  of the Al-7075 alloy by SPD techniques [29–31].
For  ECAP, the processing was  performed at 473 K using
a  solid die with a channel having an internal angle of 110◦
and an outer arc of curvature of 20◦. These angles lead to an
imposed  strain of ∼0.8 on each separate passage through the
die  [32]. The billets were processed using processing route BC
in which the rods are rotated by 90◦ in the same sense between
each  pass [33]. Following ECAP through either 4 or 8 passes,
disks  were  cut from some of the billets and then used for
processing by HPT: these samples are henceforth designated
the  ECAP + HPT samples. All HPT processing used disks with
diameters  of 10.0 mm and thicknesses of ∼0.83 mm.  The disks
were  polished prior to HPT and then processed at room tem-
perature  (RT) for selected numbers of revolutions, N, under an
applied pressure of 6.0 GPa and with a rotational rate of 1 rpm.
The  HPT processing was  conducted under quasi-constrained
conditions in which there is a small outﬂow of material around
the  periphery of the disk during the processing operation
[34,35]. Full details of the HPT processing were  given earlier
except  that a lubricant was  not placed on the upper and lower
anvils  prior to processing [36].
The major emphasis in this investigation was to eval-
uate  the limits of grain reﬁnement under different HPT
processing conditions. In practice, however, it is experimen-
tally  easier to compare the values of the saturation hardness
which  are attained by processing since these values relate
directly  to the microstructures in the materials. Two sepa-
rate  procedures were developed earlier for achieving rigorous
measurements of the microhardness values [36] and the same
procedures  were followed in the present investigation. The
principles  of these two procedures are illustrated schemati-
cally  in Fig. 1 [36]. All values of the Vickers microhardness, Hv,
were  recorded using a microhardness tester equipped with a
Vickers indenter using a load of 100 gf and a dwell time of 15 s
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Fig. 1 – Procedures for recording microhardness values in
HPT either along a disk diameter or across one-quarter of
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highest  equivalent strains [30]. Thus, the hardness increaseshe  disk surface [36].
or each measurement. First, the individual hardness values
ere  recorded across the diameters of disks by taking mea-
urements  at individual positions separated by distances of
.3  mm and at each selected position the value of Hv was deter-
ined  by averaging four measurements from separate points
rranged  in a cruciform conﬁguration and separated from the
elected  point by 0.15 mm.  Second, measurements of Hv were
aken  over one-quarter of the disk surface as shown in Fig. 1,
ith  measurements taken at points that follow a rectilinear
rid  pattern with a separation between points of 0.3 mm.  From
hese  measurements, it was  possible to construct color-coded
ontour  maps which provide a visual display of the hardness
istributions over each surface of the disk after processing.
.  Experimental  results
.1.  Characteristics  of  grain  reﬁnement  in  processing
y HPT
n order to obtain a meaningful representation of the occur-
ence  of grain reﬁnement in processing by HPT, it follows from
q.  (1) that it is necessary to examine the microstructure both
t  the center and at the edge of each disk. An example is shown
n  Fig. 2 for the Cu–Zr alloy processed under an applied pres-
ure  of 6.0 GPa: the left column shows images taken in the
enter  of each disk, the right column shows images near the
dges,  results are displayed after (a) 1/4 turn, (b) 5 turns and (c)
0  turns and the individual colors represent different grain ori-
ntations [28]. In Fig. 2(a) the original coarse grains are visible
n  the center of the disk after 1/4 turn but there is clear grain
eﬁnement near the edge. After 5 turns in Fig. 2(b) there is grain0 1 4;3(4):319–326  321
reﬁnement  both in the center and at the edge but the average
grain  size was ∼290 nm in the center and ∼240 nm near the
edge.  Finally, after 10 turns in Fig. 2(c) both the center and the
edge  are reasonably homogeneous, the grains are essentially
equiaxed and the measured average sizes were  ∼270 nm and
∼230  nm at the center and edge, respectively. Since the initial
grain  size was ∼20 m before processing by HPT, these images
conﬁrm  the potential for achieving excellent grain reﬁnement
through  HPT processing.
3.2.  Achieving  a  visual  display  of  the  hardness
evolution in  HPT  processing
Microhardness measurements were recorded over one-
quarter  of each disk of the Al-7075 alloy after processing
through 1/2, 1, 2 and 5 turns with a pressure of 6.0 GPa and
the  results are shown in Fig. 3, where the values of the Vickers
microhardness Hv are displayed using a color code indicated
at  the bottom right [29]. In Fig. 3, the X and Y coordinate system
denotes  two arbitrarily selected orthogonal axes that lie in the
plane  of each disk and intersect at the center of the disk at the
point  given by (0, 0). These diagrams conﬁrm the increasing
hardness with increasing numbers of turns and the gradual
evolution toward a more  equilibrated structure. Thus, after 1/2
turn there is a large area around the central point where the
hardness  is exceptionally low but this area decreases in size
after  1 and 2 turns and essentially disappears after 5 turns.
Thus,  only 5 turns are needed in order to achieve a reasonable
level  of homogeneity throughout the disk.
3.3.  Measurements  of  microhardness  values  taken
along linear  traverses  after  processing  by  HPT
Values of the Vickers microhardness were taken along ran-
domly  selected diameters of disks of the Al-7075 alloy
processed through various numbers of turns from 1/8 to 10
using  the same applied pressure of 6.0 GPa. The results of these
measurements are shown in Fig. 4, where the individual points
are  plotted against the distance from the center of the disk for
each testing condition and with the lower dashed line showing
the  hardness value of Hv ≈ 102 in the alloy after annealing but
prior  to HPT processing [29]. These results show that the hard-
ness  gradually increases with increasing numbers of turns,
this  increase occurs initially most rapidly at the edges of the
disks  but ultimately, after 10 turns, similar values of Hv are
attained  across the disk diameter. After 10 turns, the hard-
ness  appears to be reasonably saturated at all points across
the  disk.
The experimental points in Fig. 4 tend to be scattered but it
was  noted in a very early investigation of HPT that it should be
possible to correlate these various points by plotting the data
in  the form of the values of Hv against the equivalent strain as
calculated from Eq. (1) and this type of plot should also provide
a  direct measure of the saturation hardness [37]. When the
datum  points in Fig. 4 are replotted in this way,  the result is
shown  in Fig. 5 where the 95% error bars are included at theup  to an equivalent strain of ∼50, and thereafter there is only
a  minor increase in hardness and ultimately the hardness sat-
urates at Hv ≈ 230.
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Fig. 2 – Grain reﬁnement in the Cu–Zr alloy after processing by HPT with a pressure of 6.0 GPa: images are shown for the
(c) 10center  and edge of the disk after (a) 1/4 turn, (b) 5 turns and 
3.4.  The  inﬂuence  on  hardness  of  an  initial  processing
by ECAP
The preceding results in Section 3.3 show that the as-annealed
Al-7075  alloy attains a saturation hardness of Hv ≈ 230 when
processing  in the conventional manner. However, additional
experiments were  needed to determine whether this satura-
tion  value is affected by the initial microstructural condition
immediately before the HPT processing. Accordingly, samples turns [28].
were  processed by ECAP through either 4 or 8 passes at a tem-
perature  of 473 K prior to conducting the HPT processing.
The  results are shown in Fig. 6 [30] and Fig. 7 for samples
processed through either 4 or 8 passes of ECAP, respectively,
and  then processed by HPT with an applied pressure of 6.0 GPa.
In  Fig. 6 for 4 passes of ECAP, the points again increase very
rapidly  in the initial stages but ultimately there is a saturation
at  Hv ≈ 250. By contrast, in Fig. 7 after 8 passes of ECAP the
saturation hardness occurs at a higher value of Hv ≈ 270.
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Fig. 3 – Color-coded displays showing the evolution in hardness in the Al-7075 alloy over one-quarter of the disk surfaces
after processing by HPT with a pressure of 6.0 GPa for (a) 1/2 turn, (b) 1 turn, (c) 2 turns and (d) 5 turns [29].
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Fig. 4 – Variation of the Vickers microhardness across disk
diameters  of the Al-7075 alloy after processing by HPT
through  different numbers of turns using a pressure of
6.0  GPa [29].
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Fig. 5 – Values of the Vickers microhardness plotted against
the  equivalent strain after processing the Al-7075 alloy by
HPT  using a pressure of 6.0 GPa [30].
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Fig. 6 – Values of the Vickers microhardness plotted against
the  equivalent strain after processing the Al-7075 alloy by
ECAP for 4 passes and then by HPT using a pressure of
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Fig. 8 – Plots of the average Vickers microhardness across
diameters  of the disks of the Al-7075 alloy after processing6.0  GPa [30].
4.  Discussion
It is generally assumed that the factors inﬂuencing the sat-
uration  hardness attained in HPT are dependent upon the
experimental processing conditions. Speciﬁcally, it is assumed
that  the hardness, and therefore the saturation grain size,
depends  upon the applied pressure in HPT, the temperature
of  processing and possibly upon the rate of rotation of the
HPT  anvil although experiments suggest this rate probably
has  only a relatively minor inﬂuence [38]. An expression was
developed  for the minimum grain size that may  be produced in
HPT and inspection shows that this relationship incorporates
some  features that relate to the initial unprocessed condition
such  as the dislocation density and the yield stress [39]. A sim-
ilar  approach was  also developed later for processing by ECAP
[40].  Nevertheless, there is no clear and deﬁnitive relationship
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Fig. 7 – Values of the Vickers microhardness plotted against
the  equivalent strain after processing the Al-7075 alloy by
ECAP for 8 passes and then by HPT using a pressure of
6.0  GPa.by  HPT and by ECAP + HPT.
that speciﬁcally dictates the saturation conditions that may  be
attained after a combination of processing by ECAP and HPT.
In  the present investigation, there is a clear difference
between the saturation hardnesses achieved in the Al-7075
alloy  after three different testing conditions. For HPT with
P  = 6.0 GPa the hardness saturates at Hv  ≈ 230, for ECAP
through 4 passes and then the same conditions for HPT, there
is  a saturation at Hv ≈ 250 and for ECAP through 8 passes and
then  the same HPT, there is a saturation at Hv ≈ 270. The 95%
error  bars in Figs. 5–7 are sufﬁciently small to unequivocally
establish these differences in the values of Hv. Furthermore,
it  is possible to plot the results in a different way by noting
that  the numbers of hardness measurements are the same
across  the diameters of each disk and therefore it is possible
to  simply average these measurements for each processing
condition and then to plot the average value of the Vickers
microhardness against the total numbers of turns in HPT. The
result  is shown in Fig. 8 for the disks processed only by HPT
and  for the disks processed initially by ECAP through either 4
or 8 passes prior to HPT. It is readily apparent that all points
for  the HPT samples have the lowest values and the points
for  the ECAP + HPT disks show higher values of Hv. This con-
ﬁrms  that, as is evident from Figs. 5–7, additional hardening,
and  therefore additional grain reﬁnement, may  be achieved
by  processing the material prior to HPT in order to achieve an
even  smaller initial grain size.
It is important to note that the initial microstructural con-
dition  prior to the two-step processing by ECAP + HPT  is critical
in  order to demonstrate both additional hardening and grain
reﬁnement.  For example, a recent report demonstrated there
were  lower saturated hardness values in an Al-6082 disk after
ECAP  + HPT by comparison with a disk processed only by HPT
when  using the same HPT processing conditions. This differ-
ence  was  due to the presence of an over-aged microstructure
in  the initial samples prior to ECAP and HPT because the sam-
ples  were  solution treated for 2 h at 843 K and then aged at
573  K for 3 h before processing by ECAP [41]. This contrasts
with the present experiments where the samples were  not
aged  prior to processing by ECAP or HPT.
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When materials are processed by HPT, most metals, includ-
ng  many  face-centered cubic metals, exhibit a simple strain
ardening  behavior without any signiﬁcant recovery [42]. The
u–Zr  alloy and the Al-7075 alloy are typical of this group of
aterials  as shown in Figs. 5–7. However, some other materi-
ls  exhibit different behavior including strain hardening with
ecovery  in high-purity aluminum [17] and strain softening
ith  respect to the initial condition in some two-phase alloys
43,44].  A full description of these various hardening models
s  given elsewhere [42]. However, additional experiments are
ow needed to determine whether these other materials also
xhibit  saturation hardness values, and minimum grain sizes,
hat  vary depending upon the precise nature of the processing
onditions as, for example, in processing using a combination
f  ECAP and HPT.
.  Summary  and  conclusions
. A Cu–Zr alloy and an aluminum Al-7075 alloy were  used to
investigate  grain reﬁnement and the evolution of hardness
homogeneity during processing by HPT.
. Results on the Al-7075 alloy show that the saturation hard-
ness  is dependent upon the microstructural conditions
within the material prior to processing. Higher values of
saturation  hardness are attained if the same material is
processed  by ECAP prior to HPT.
. Since the measured values of the microhardness are
related  directly to the grain size, the results demonstrate
that additional grain reﬁnement may  be achieved in HPT
by  processing the material to produce an ultraﬁne-grain
size before processing by HPT.
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